Municipal Solid Waste (MSW) was converted into high-grade solid fuels (biochar) and gaseous product via thermal pyrolysis under pyrolytic gas atmosphere. The experiment was carried out in a packed-bed reactor at the temperature range of 600-800 °C in both atmospheres of N 2 and pyrolytic gas. Gas, liquid, and solid products were analyzed by gas chromatograph and elemental analysis. Amount of biochar obtained from both atmospheres were not significantly different. CH 4 and CO 2 in pyrolytic gas promoted the release of volatile in the MSW, resulting in lower ratio of VM/FC, ca. 0.13. The atomic ratios of O/C and H/C were around 0.02-0.11 and 0.005-0.035, respectively. These values were equivalent to anthracite coal type. On the other hand, the liquid fuel yield under pyrolytic gas condition was found to be higher, compared with that under N 2 condition. In addition, the enhancement of H 2 and CO production was accompanied by the decrease in CH 4 and CO 2 output. Overall, the operating condition at 800 °C or higher with reaction times longer than 4 min were recommended for production of biochar with fuel qualities approaching anthracite coal.
Introduction
Reforming the composition of energy consumption through substituting fossil fuels with renewable energies has become a global policy priority to address climate change [1] . In China, co-firing of coal and alternative fuels in existing power stations is a promising and convenient option to generate renewable energy and reduce carbon emissions [2, 3] . Municipal solid waste (MSW) is considered as one of the potential fuel sources to replace or supplement fossil fuel in power generation [4] . Co-combustion of MSW and coal provides not only a good method of waste disposal but also a way to reduce the consumption of coal. Consequently, it is an effective option for further sustainable development of both energy production and environmental protection [5, 6] .
Municipal solid waste is a complex mixture material with heterogeneous physical composition, which hinders its effective utilization as fuel for co-combustion with coal [7] . To solve the problems related to directly co-combustion of MSW, the pretreatment technology of converting MSW into densified solid fuels could be utilized. These pretreatment processes are expected to upgrade MSW into highly efficient fuel. It would be very useful especially in countries without waste sorting systems, where organic and inorganic wastes are mixed together [5, 7] .
Pyrolysis is a process of thermal decomposition in which biomass is heated at moderate temperature in the absence of oxygen, leading to the conversion of biomass into three main products: solid residue rich in carbon (biochar), the liquid phase from the condensation of released volatile matter (bio-oil), and the remaining non-condensable gases, such as CO, CO 2 , CH 4 , and H 2 [8, 9] . Since biochar has a higher energy density, higher carbon and lower oxygen content, higher calorific value, and less greenhouse gas emission; its characteristics, therefore, are superior compared to raw biomass [10] . As a result, the utilization of existing power plant equipment in which biochar is co-fired with coal is expected to achieve multiple economic and environmental benefits [11] .
In general, biochar is produced via pyrolysis under an inert gas atmosphere (mainly N 2 ). Nevertheless, as an endothermic process, pyrolysis requires external heat supply. This makes the use of pure N 2 not feasible in large plants from an economic standpoint [12, 13] . A new system to improve the biochar property for co-firing with coal was suggested in dual-bed pyrolysis pattern, as shown in Fig. 1 .
The MSW would be fed from the top of the pyrolyzer for fast pyrolysis, and the residual char formed by pyrolysis entered the combustor for co-firing with coal. The H 2 and CO in pyrolytic gas would be separated by pressure swing adsorption [15, 16] , while the rest of pyrolytic gas is recycled into the pyrolyzer as the pyrolysis atmosphere. The energy required for pyrolysis is provided by heat-carrying sands circulating from the combustor.
In regards to char production by pyrolysis, Lee compared the pyrolysis of agricultural waste under CO 2 atmosphere with N 2 , and found that CO 2 atmosphere resulted in an increase of specific surface of char from 32.46 to 109.15 m 2 g −1 , and pyrolytic gas yield from 46.8 to 56.1 wt% [17] . Pyrolysis of oak tree under CO 2 also revealed that the resulting biochar had different morphology (needle-shaped structure) from that produced under N 2 , and the CO/H 2 ratio increased sharply to 11 time than of that in N 2 at 720 °C [18] . Wang carried out the pyrolysis of pine sawdust between 400 and 600 °C under H 2 and inert Ar atmosphere. The char yield decreased from 22.69 to 22.71 wt% to 11.43 and 9.45 wt% in Ar and H 2 atmospheres, respectively [19] . Fast pyrolysis of corncobs under recycled pyrolysis gas was investigated by Zhang [20] who focused on the influence of a single component of the pyrolysis gas atmosphere at a specific temperature of 550 °C. It is known that fast pyrolysis in the temperature range of 400-550 °C maximizes pyrolytic oil production [21] . The aforementioned studies focused on analysis biochar production and pyrolysis of wood-based materials as single component feedstocks. This study uses wood as one component of the mixture of materials that made up the simulated municipal solid waste (SMSW) feedstock.
Fixed-bed experiment of SMSW was conducted with predetermined different temperature and reaction time in this study and the specific purpose was to determine the effect of replacing the carrier gas, from N 2 to model pyrolytic syngas, on the product properties. The pyrolysis temperature was set from 600 to 800 °C, as CO 2 atmosphere could have a significant impact on the pyrolysis of biomass at a high temperature [22] . For another, the reforming reaction involved CH 4 and CO 2 present in the simulated pyrolytic gas requires a temperature higher than 643 °C [23] . Special attention was paid to fuel properties (such as VM/FC, H/C, and O/C) analyzed from the proximate and ultimate analysis of biochar, in comparison with three typical coals expected to be used for co-combustion. The yield and components of pyrolytic gas were also determined. 
Experimental section

Simulated MSW and pyrolytic gas
Based on the average composition of MSW in China [24] , the organic matter in MSW consists of plastics (11.15%), food residue (55.86%), paper (8.52%), textiles (3.16%), wood waste (2.94%) and rubber (0.84%). Based on the above composition and considering the 70% moisture content of food residue [24] , the mass ratio of biomass (food residue, wood waste, textiles and papers) to non-biomass matters (plastics and rubbers) in dry basis was calculated to be about 3:1. This ratio was used as the basis of the composition of simulated municipal solid waste (SMSW) used in this study. The SMSW was ground and sieved to particle size less than 270 μm. Proximate analysis and ultimate analysis of the SMSW are analyzed and listed in Table 1 , data from three kinds of typical coals in China are also provided for comparison. As observed, SMSW exhibits much higher volatiles and lower fixed carbon than coal.
The pyrolytic gas used in this study was a model gas simulating the composition of pyrolysis gas after the valuable gases (CO and H 2 ) has been separated. The composition of the simulated pyrolytic gas composed of CH 4 , CO 2 , and N 2 , with volume fractions of 20, 10, and 70%, respectively [27] .
Experimental setup and procedures
The schematic of a lab-scale pyrolizer used in this study is depicted in Fig. 2 . The reactor consists of a quartz tube 30 mm in diameter. The tube was heated at a constant ramping rate under an inert N 2 atmosphere, with heating done by an electric furnace. 10 g of SMSW sample was placed on a porous quartz plate at the top of the tube, which would not be heated before the reactor reaches the designated temperature. The simulated pyrolytic gas was introduced with the flowrate of 200 mL/min. The flowrate was controlled by a gas mass flow meter at standard condition of 0 °C and 1 atm. When the furnace temperature reached the desired value (600 °C, 700 °C, 800 °C), the quartz tube was inserted deep into the furnace. At the same time, the experiment timing started and gas began to be collected. Afterwards, the sample was kept in pyrolyzer for a certain amount of predetermined reaction . At the end of the reaction time, the quartz tube was pulled out from the furnace. The quartz tube would be cooled down rapidly using a fan. N 2 atmosphere was provided to avoid the oxidation of char. The gas product collection would continue for another 5 min to ensure the residual produced gas in the device completely collected. Solid residue (biochar) was analyzed by proximate analysis based on the Chinese National Standards (GB/T 212-2008) and ultimate analysis by an elemental analyzer (Elementar Vario EL III, Germany). Liquid product, which mainly consisted of tar and water, obtained in a condensation unit was weighed. The non-condensable gases were collected using a water displacement unit to measure the volume. It was further analyzed through a gas chromatography (GC-9790, Zhejiang Fuli Analytical Instrument Co., Ltd., Zhejiang, China) equipped with a thermal conductivity detector to determine the content of H 2 , CO, CH 4 , and CO 2 in the mixture. Experimental procedures for pyrolysis under N 2 atmosphere was also conducted and analyzed in a similar manner as described previously.
Results and discussion
Product distribution
Batchwise products obtained from the experiments in both atmospheres, N 2 and pyrolytic gas, are displayed in Fig. 3 . Solid product (called biochar in general, pyro-biochar produced under pyrolytic gas atmosphere, and N 2 -biochar for biochar produced from pyrolysis under N 2 atmosphere) and liquid product were weighed and calculated for their yields (as shown in Eq. 1-2), while the gaseous product was determined by difference:
The results from pyrolytic gas atmosphere at 600 °C showed biochar yield of 26.4% after 3 min of reaction. Yield of pyro-biochar decreased to 19.4% after another 3 min. As a result, it was apparent that the decomposition of SMSW happened in the first few minutes of pyrolysis. Longer residence time would result in more decomposition taking place, yielding in less residue. A similar trend was found in experiments under N 2 atmosphere, which resulted in N 2 -biochar yields of 29.4% and 20.8%, consecutively. It seemed that different (1) biochar yield (%) = mass of biochar (g) mass of raw meterial (g) × 100
(2) liquid yield (%) = mass of liquid (g) mass of raw meterial (g) × 100.
pyrolysis atmospheres had negligible effect to biochar production after reaction time of 6 min. Experiments at 800 °C were also carried out. Similar results were observed in both conditions, as seen in Fig. 3 . The higher the temperature, the lower amount of biochar was produced. The production yield of biochar did not change much with the reaction time when the operating temperature was high. This could be an indication that secondary cracking of tar took place.
As depicted in Fig. 3b , the yield of liquid product increased slightly, in contrast to the decline of biochar. This might be attributed to the presence of methane in model pyrolytic gas. It was suggested that CH 4 could increase the tar yield by inhibiting the polymerization and condensation reactions by providing active H to stabilize free radicals in substances with high molecular weight [28] . The same result of an increase in the liquid product yield under CH 4 atmosphere was obtained by Zhang [20] .
Properties of biochar
Biochar obtained from the SMSW were analyzed for its properties, including both proximate and ultimate analysis. Important parameters, such as VM/FC, O/H, and O/C were determined.
Proximate analysis of biochar
One of the important measures of fuel characteristics of the biochar is the volatile matter (VM) content and fixed carbon (FC) content [29] , since the combustion process would produce better results when using fuel with lower VM content [30] . High volatile mater decomposed from MSW biochar would not only result in large amounts of incomplete combustion gaseous emissions but also hinder the complete combustion of coal due to the higher reactivity of MSW VM compared to coal VM. This condition could become more prevalent at higher temperatures, contributing to higher emission levels while co-firing of char and coal [5] .
It is expected that the biochar produced from SMSW in this study would be able to be utilized as fuel source. Therefore, fuel-related characteristics such as volatile matter (VM) content and fixed carbon (FC) content of biochar are required to meet certain requirements. Table 2 lists properties for the corresponding residues after 6 min of reaction time. N 2 -biochar contained less VM when SMSW was pyrolyzed at higher temperature. From 600 to 800 °C, the value decreased from 16.46, 13.56, and 10.91%, respectively. Similar results were also observed for Pyro-biochar, which value decreased from 13.83, 10.12, and 9.41%, respectively. Nevertheless, after repeated experiments, the difference of the fixed carbon content was found not to be obvious, considering the inevitable experimental errors. It would be expected that pyrolytic gas could promote the devolatilization during the thermal decomposition process. The results corresponded to the results described elsewhere [31] . It was reported that the presence of CH 4 in carrier gas could reform the devolatilization of pyrolytic gas via many associated reactions, resulting in more of the desired light molecular gas yield (R1) [31] . The overall reaction of methane-added pyrolysis of SMSW could be described by the reaction schematic in Fig. 4 . In addition to methane, consumption of fixed carbon by the Boudouard reaction (R3) of CO 2 with char enhanced the production of non-condensable gases [32] . CO 2 could also react with decomposed tar (R2) and facilitates the cracking of aromatic ring, as well as the rupturing of hydroxyl and alkyl substituents [28] . It would result in the transformation of the products of tar secondary cracking from solid phase coke to useful small molecule gas such as CO and H 2 . Thus, the decrease in the volatile matter content under pyrolytic gas atmosphere may be attributed to the promotion of the devolatilization reactions by methane and carbon dioxide. CH 4 reforming: CO 2 dry tar reforming:
Mass ratio of VM to FC of the biochar was determined for all studied conditions. Figure 5 displays VM/FC mass (R1) The improvement of the VM/FC ratio under pyrolytic atmosphere is apparent. For instant, it was found that VM/ FC mass ratio of pyro-biochar produced at 800 °C and 6 min reaction time was 0.127, close to that of anthracite coal (as presented in Table 1 ). While at the same condition, the ratio of VM/FC of N 2 -biochar was 0.148, which was not qualified for the standard of anthracite.
To sum up, the VM/FC ratio of pyro-biochar under all operating conditions were lower than the value of 0.84 for lignite; The pyro-biochar under all conditions satisfied the requirement of 0.56 for bituminous coal, except under (600 °C, 3 min). To be substitute for anthracite coal, the raw material must be kept in the reactor for more than 4 min at 800 °C or 6 min at 700 °C to approach the VM/FC ratio of 0.13.
Ultimate analysis of biochar
Another measure of char fuel characteristic is the content of H, C and O elements in the biochar, which can be expressed in terms of the atomic ratio of H to C and O to C. The O/C and H/C atomic ratios represent the mechanism of dehydration and carbonization reactions. Lower O/C and H/C atomic ratios bring about a stronger hydrophobic surface of biochar and a higher degree of aromaticity [33] . A fuel with a low O/C and H/C atomic ratio is considered highly favorable because of the decreased smoke, water vapor and energy losses experienced during combustion [8] .
The ultimate analysis (dry basis, wt%) of the biochar have been presented in Table 3 , and atomic ratios were plotted on Fig. 6 (Van-Krevelen diagram) . The "Van-Krevelen diagram" provides the general information about the quality and type of fuel [8] . Raw SMSW has the (H/C) ratio of 0.13, and (O/C) 0.547, respectively. The obtained biochar from all conditions fell in the range of (H/C) 0.008-0.078, and (O/C) 0.060-0.418, respectively. All ratios was observed to reduce significantly, meaning that most of the carbon was kept in the structure, while O and H were expelled from the structure, due to the release of the volatiles containing a large amount of O and H.
All results were compared with the three typical coals (shown in star marks). According to both ratios as criteria, only two conditions were considered. The conditions were under pyrolytic gas atmosphere at 800 °C, with 4 min and 6 min reaction time. The rest fell into the bituminous coal region.
It was proven that the pyrolytic gas atmosphere would influence fuel properties, in terms of reduction of H/C and O/C atomic ratios compared with N 2 -biochar. The content of H also decreased at a higher rate compared with O, most likely because the reforming of the devolatilization process in pyrolytic atmosphere resulted in more H entering the gas and liquid phase. Pyro-biochar under all pyrolysis condition in this study exhibited better fuel properties than bituminous in terms of lower H/C and O/C atomic ratios. Another observation was that the effect of different reaction times towards H/C and O/C atomic ratio in pyro-biochar was quite different at different pyrolysis temperatures. The reduction in H/C atomic ratio was greater than that of O/C with reaction time extension at 600 °C. While at 800 °C, a sharp drop in O/C atomic ratio occurred. It was noticed that at 700 °C, the change in atomic ratio for both H/C and O/C were similar. One possible explanation is the thermal stability of H is lower than that of O. This resulted in more H released from the solid particles, compared to O, at lower temperature.
Pyrolytic gas properties
It is necessary to consider the gas product generated during the pyrolysis. The comparison of pyrolytic gas obtained from both pyrolysis atmospheres was compared. In case of pyrolytic gas atmosphere experiments, the gas yield of CO 2 and CH 4 was calculated by the difference between the input of carrier gas and output of the pyrolytic gas. The molar yield of the gaseous components in non-condensable gas is shown in Fig. 7 , calculated by the following Eq. (3): Figure 7 indicates that higher temperature accelerates the rate of secondary reactions, which mainly consist of the naphthene cracking and macromolecular long chain rupture [21] . These secondary reactions contribute to the conversion of feed to pyrolytic gas which result in lower tar and higher gas yield, especially H 2 . The results were similar to other published elsewhere [34] . The influence of pyrolytic gas atmosphere on gaseous products was not so significant but observable, compared to N 2 atmosphere. It was mainly due to the reforming effect of CO 2 and CH 4 in the pyrolysis process. In addition to the Boudouard reaction (R3), other major reactions involving CO 2 and CH 4 as reactants in the pyrolysis process are listed below [32, 35] :
Boudouard reaction:
Dry reforming of methane (DRM):
Steam-methane reforming (SMR): Figure 7a and b show a noticeable increase in the yield of H 2 and CO under pyrolytic gas atmosphere. This was probably due to the CO 2 dry tar reforming and the promotion of devolatilization process by CH 4 . The trend was even more pronounced under high temperatures. This was mainly due to the large amount of DRM reaction (R4) between CO 2 and CH 4 contained in the syngas after the carrier gas heated up, which would happen at high temperature over 643 °C [23] . The addition of CH 4 made the SMR reaction (R5) more intense, which also contributed to the generation of H 2 and CO. Since the occurrence of DRM and SMR reactions were dependent on substantial reaction enthalpy according to the reaction (4) and (5) , the gap of the H 2 and CO yield would grow with the rising temperature. This was in accordance with Chein's investigation [36] , who drew the conclusion that the addition of CH 4 in the flue gas with the CH 4 /CO 2 ratio of 2 would cause the yield of CO and H 2 to go up as the temperature increase. Figure 7c and d reveal the inhibitory effect of syngas atmosphere on CH 4 and CO 2 production. One interpretation was that the corresponding atmosphere would suppress the reactions for generating the corresponding gas products during pyrolysis, as reported by Zhang [20] . In addition to that, since the production of CO 2 and CH 4 was calculated by subtracting their inputs, the reduction also came from the consumption of input CO 2 and CH 4 by the DRM and SMR reaction. As well as causing CO production surge, the Boudouard reaction (R3) at high temperature would cause a sharp decline of CO 2 . This observation agrees with the fact that temperature is the dominant factor that promotes the Boudouard reaction (R3), especially above 700 °C [23] . The total molar yield of gaseous product under pyrolytic gas atmosphere with varied reaction time is shown in Fig. 8 , calculated using Eq. (4). The gas yield shows a stable upward trend along with the increase of temperature, as well as reaction time. At higher temperatures, extension of reaction time resulted in lesser increments of gas yield. As was previously discussed, this was on account of the separation of volatile matter in a short time at high temperature. However, the total yield of gaseous product was a bit low, this phenomenon in fast pyrolysis was also found in a previous study [20] .
Since H 2 and CO are the desirable gases for further applications, it is important to investigate the molar ratio of H 2 /CO in pyrolysis syngas. This is considering that certain processes such as the Fischer-Tropsch for the synthesis of liquid fuel and methanol require a high H 2 /CO ratio of syngas [31] . The molar ratio of H 2 to CO in the gaseous (4) Total gas yield (mol/kg) = total moles of H 2 , CO,CH 4 and CO 2 (mol) mass of raw material (kg) product under N 2 and pyrolytic gas atmosphere is depicted in the Fig. 8 . It could be seen that the increase of temperature and reaction time allowed the pyrolysis environment to get heated adequately. The presence of excess heat resulted in a high H 2 /CO ratio since hydrogen generation is based on endothermic reactions. As a comparison, pyrolytic gas atmosphere had an apparent positive effect on the product gas' H 2 /CO ratio except for (6 min, 700 °C) and (6 min, 800 °C). This phenomenon could be the result of the increased Boudouard reaction (R3) at high temperature and long reaction time, leading to the surge of CO output. This is consistent with the report that the H 2 /CO ratio would decrease with the temperature increasing during the tri-reforming of methane process.
Conclusions
The effect of model pyrolytic gas atmosphere on pyrolysis of SMSW was investigated in a lab-scale fixed-bed reactor, in comparison with N 2 atmosphere. The use of pyrolytic gas atmosphere resulted in a slight decrease of biochar yield and increase of liquid yield compared to pyrolysis under N 2 atmosphere at the same temperature and reaction time. Pyrolysis under pyrolytic gas atmosphere produced biochar with improved fuel characteristics. The pyro-biochar exhibited a lower VM/FC ratio than N 2 -biochar, as well as lower H/C and O/C atomic ratio. The pyrolytic gas atmosphere was found to promote the production of CO and H 2 , and suppress the CH 4 and CO 2 output, compared to that produced under N 2 atmosphere. Nevertheless, the total gaseous product yield is low. In the proposed dual-bed system, operating condition could be adjusted to produce biochar adapted for co-combustion with the three typical coals: biochar could obtain higher fuel quality than lignite coal under all the conditions, and better than bituminous coal except at (600 °C, 3 min). While optimal conditions at (800 °C, 4 min or longer) was recommended for the optimal condition which could be used to produce biochar in anthracite-like properties and maintaining synthetic gas in properly ratio.
